Objectives: Few model systems are amenable to developing multi-species biofilms in parallel under environmentally germane conditions. This is a problem when evaluating the potential real-world effectiveness of antimicrobials in the laboratory. One such antimicrobial is cetylpyridinium chloride (CPC), which is used in numerous over-the-counter oral healthcare products. The aim of this work was to develop a high-throughput microfluidic system that is combined with a confocal laser scanning microscope (CLSM) to quantitatively evaluate the effectiveness of CPC against oral multi-species biofilms grown in human saliva.
Introduction
Biofilms are surface-attached multi-species microbial communities.
1,2 These communities represent the dominant mode of microbial life.
2 Biofilm microorganisms individually and collectively possess properties that are distinct from their single-cell planktonic counterparts. 3, 4 In particular, biofilm bacteria are up to 1000-fold less susceptible to antimicrobials than planktonic cells. 4 -6 The reasons behind this reduced susceptibility are multifactorial and include retarded antimicrobial penetration of biofilm due to reaction diffusion limitation, 7, 8 altered growth rates, 4 intraspecies and interspecies metabolite and/or cell-cell signalling interactions resulting in altered biofilm-specific phenotypes, 9 and cross-species protection afforded by removal or inactivation of a given antimicrobial by a biofilm species. 4, 10 The environment in which biofilms form may also alter recalcitrance. For example, it has been shown that Acinetobacter baumannii possesses very different resistance profiles in laboratory media versus on ex vivo human ascites. 11 Thus, in order to evaluate the possible real-world effectiveness of antimicrobials on bacterial populations, it is important to develop biofilms that contain species present in the environment of interest and under environmentally germane conditions.
Dental plaque is a multi-species biofilm that can contain .500 species of bacteria. 12, 13 Typical dominant species in both supragingival and subgingival plaque biofilms include those belonging to the genera Actinomyces, Aggregatibacter, Fusobacterium, Neisseria, Porphyromonas, Streptococcus and Veillonella.
14 Following professional cleaning, there is a rapid successional integration of species; members of the streptococci are among the first to colonize surfaces, followed by numerous other Gram-positive and Gram-negative species. 15 Depending upon the position of the community on tooth surfaces (e.g. within a subgingival pocket or on a supragingival surface exposed to rapidly flowing saliva), the biofilm community composition will be significantly different. 16 These biofilm communities are not only heterogeneous with respect to the species they contain but also can be architecturally diverse; for instance, they can range from a few cells thick to visually conspicuous biofilms. 17 -19 The more diverse the community and the greater the biofilm biomass, the more likely it is that pathogenic species such as Porphyromonas gingivalis and Treponema denticola will integrate and promote periodontal disease. 15, 20, 21 Approaches to controlling the species composition and overall density of dental plaque biofilm communities encompass abrasive regimens (e.g. tooth-brushing and flossing) and chemical treatments (e.g. mouthwash). 22 -24 The antimicrobial efficacy of mouthwash on multi-species biofilms has received attention, although few models exist that facilitate testing under in vivo or environmentally relevant in vitro conditions. 25 -31 Numerous model biofilm systems exist to examine biofilm development and/or the impact of antimicrobial compounds. These can be large-scale systems suitable for long-term studies, such as newly modified Robbins devices, Sorbarod-based biofilm systems and constant-depth film fermenters, or, for shorter durations, devices such as flow cells. 26,30 -32 A critical drawback to the operation of such model systems is their physical footprint (resulting in limited capabilities for performing parallel replicate studies) and the often limiting requirement for large amounts of media in which to develop biofilms. This latter point is of great importance if the medium is expensive or time-consuming to obtain, especially if it is from natural sources (e.g. saliva or wound exudate). For example, when conducting flow cell studies, an overnight experiment can require .500 mL. 12, 33 A microfluidic system, either custom-made or available commercially, removes such a limitation and also allows, by virtue of its small footprint, multiple biofilm experiments to be run in parallel. 34 The potential for linking such a system to 3D imaging systems is only now just being realized and an opportunity to create high-throughput screens of antimicrobial or biofilm-structure-altering compounds can be envisaged. 35, 36 From the outset of this work, we wished to create a biofilm system that used saliva as the sole nutrient and inoculum source. Many biofilm systems use either medium or artificial saliva as the nutrient source. 35 -38 This is primarily due to the inherent difficulties in collecting large enough quantities of human saliva. However, these types of artificial media can conceivably have significant ramifications for biofilm composition (if a multispecies community is being grown) and for the responsiveness of the individual species (as well as the entire community) to environmental changes or chemical challenges. As a consequence, the use of pooled human saliva as an inoculum and as a medium source is gaining popularity in model oral biofilm systems, 12,39 -41 although the problem of obtaining sufficient quantities is still an issue. A key driver of the use of saliva relates to its complex physical and chemical nature. 42, 43 In particular, saliva contains complex mixtures of mucins, phosphate-containing compounds (including nucleic acids), proline-rich proteins, statherin, cystatins, histatins, enzymes (amylase, lysozyme, proteases, etc.) and trace elements, such as boron and zinc. 42 In addition, the use of such a medium as an inoculum is beneficial as it contains many, if not all, of the organisms found in dental plaque biofilms. 44 Saliva is therefore a unique mixture which will influence the colonization, growth and survival of microorganisms, and a model system that wishes to replicate the conditions of the oral cavity will need to use this as the nutrient source.
The aim of the work presented here was to develop a highthroughput dental plaque biofilm system that: (i) facilitates the growth of saliva-derived and -supported microbial communities under conditions representative of the human oral cavity and (ii) is amenable to testing with antimicrobials. This required the amalgamation of BioFlux (Fluxion, San Francisco, CA) microfluidic technologies with a cutting edge Leica confocal laser scanning microscope system (SPE, Leica, Buffalo Grove, IL). Using bacterial tag-encoded FLX amplicon pyrosequencing (bTEFAP), the developed multi-species biofilms were shown to contain obligate aerobic, facultative anaerobic and obligate anaerobic species common to those found in human subgingival and supragingival plaque biofilms. Relevant to the use of this system for high-throughput testing, we show that the susceptibility of these multi-species biofilms to cetylpyridinium chloride (CPC), a quaternary ammonium compound that is commonly used in mouthwash, was concentration-dependent and subject to reaction diffusion limitation.
Materials and methods

Test solutions for assessing biofilm viability
A range of CPC solutions (0.5%, 0.1%, 0.05%, 0.01%, 0.005% and 0.001% w/v) were prepared. PBS, pH 7.4, and 70% v/v ethanol were prepared for use as negative and positive controls, respectively.
Saliva collection and preparation: inoculum and nutrient source
A saliva collection protocol similar to that used by Rao et al. 45 was used. Briefly, saliva was collected from six healthy adults who had not consumed food for 2 h prior to donation and had only imbibed water during that time. These individuals were non-smokers and had not taken antibiotics for at least 3 months prior to donation. The saliva was then pooled and prepared for one of two purposes: to be used as a cell-containing saliva (CCS) inoculum or to be used as a cell-free saliva (CFS) nutrient source for biofilm growth. CCS was prepared by mixing native, pooled saliva with glycerol in a 75%/25% ratio, respectively, and then split into 5 mL aliquots for storage at 2808C. CFS was prepared by adding 2.5 mM DTT to the saliva, 46 allowing to stand for 10 min on ice and then centrifuging at 17500 rpm for 30 min. The resulting supernatant was mixed with distilled water to a final concentration of 25% and filter sterilized through 0.22 mm pore-size surfactant-free cellulose acetate (SFCA) low-protein-binding filters (Nalge Nunc International, Rochester, NY). Aliquots of 30 mL were then stored at 2208C until required.
BioFlux microfluidic system
Forty-eight-well BioFlux plates (Fluxion, San Francisco, CA), in conjunction with the BioFlux 200 system (Fluxion, San Francisco, CA) and a Leica SPE confocal laser scanning microscope (CLSM), were used as the base platform for the microfluidic dental plaque biofilm system (Figure 1 ). Microfluidic plates were first pre-treated for cell attachment and biofilm development with CFS. One hundred microlitres of CFS was added to each outlet well then A microfluidic oral biofilm system 2551 JAC flowed towards the inlet well at 1.0 dyn/cm 2 (flow rate of 93 mL/h, corresponding to a shear of 100 s 21 through the channel, which had a depth of 70 mm and a width of 370 mm) for 2 min at room temperature. Flow was then stopped and the plate was incubated at room temperature for 20 min. Once pre-treatment incubation was complete, the CFS remaining in the outlet wells was transferred to the corresponding inlet wells. One hundred microlitres of CCS was then added to each outlet well. To introduce cells into the BioFlux growth/viewing channel for biofilm growth, the CCS was flowed towards the inlet at 1.0 dyn/cm 2 for precisely 6 s at 378C. The plate was then set to incubate at 378C for 45 min to allow cell adherence and initial growth prior to nutrient flow. Surface seeding was confirmed visually with a Nikon Eclipse TCS-100 inverted light microscope equipped with a 20×0.40 NA Ph1 ADL infinity-corrected objective. Following confirmation of seeding, CCS was aspirated from each outlet well and 750 mL of CFS was added to each inlet well. Plates were then incubated at 378C for 20 h at 0.2 dyn/cm 2 (flow rate of 19 mL/h, corresponding to a shear of 20 s 21 ) for overnight biofilm growth.
Following overnight incubation, the CFS that remained in each inlet and outlet well was aspirated. Biofilms were then treated in triplicate with 100 mL of a given treatment solution for 30 s at a flow rate of 2.0 dyn/ cm 2 . All wells were subsequently aspirated and 100 mL of PBS was flowed at room temperature for 20 min at 0.2 dyn/cm 2 to remove remaining Nance et al.
treatment solution. Following the post-treatment wash, biofilms were stained with a BacLight LIVE/DEAD bacterial viability kit (Invitrogen, Grand Island, NY). The concentrations of component BacLight solutions were prepared according to the manufacturer's instructions and flowed at 0.2 dyn/cm 2 for 45 min at room temperature to allow staining of the biofilms. Once staining was complete, stain remaining in the inlet wells was aspirated and a final 100 mL post-stain wash of PBS was added to each inlet. The post-stain PBS wash was flowed at 0.2 dyn/cm 2 for 20 min at room temperature to remove any excess stain in the channel.
CLSM analysis of biofilms
Using a Leica SPE confocal laser scanning microscope, biofilms were imaged using a 40×1.25 NA HCX PL APO infinity-corrected oil objective. Image stacks were collected by exciting the biofilm sample with a 488 nm laser set to 15% power. This allowed the simultaneous excitation of Syto-9 and propidium iodide (both nucleic acid stains). Excitation capture ranges were kept constant for Syto-9 and propidium iodide (510 -540 and 620-650 nm, respectively). Gain and offset for each channel (red and green) were calibrated using the Leica look-up table against the positive (70% ethanol) and negative (PBS) controls for the analysis of the CPC-treated biofilms. Following biofilm imaging, biofilms were rendered in the x-y-z planes with Imaris (Bitplane, Zurich, Switzerland) imaging software. Image stacks were treated equally and histograms generated in Imaris confirmed that the signal display of the rendered stack was correctly displayed in 3D. This allowed the 3D visualization of biofilm structure, penetration of antimicrobial into biofilms (inferred by the extent and degree of red signal) and the preparation of 3D files for the quantification of biofilm structure using the software program Comstat. 47 Comstat software allowed the determination of biofilm biovolume (the amount of space/biomass occupied by a biofilm per field of view), average thickness (the average thickness, from the base at the biofilm-substratum interface to the top of the biofilm in the channel lumen, across the entire biofilm in the field of view) and roughness (a measure of variation in biofilm thickness across the field of view, an indicator of biofilm heterogeneity). The degree of kill, based on green (live) and red (dead) pixel intensity for every pixel in the x-y-z planes, was evaluated using ImageJ. 48 The percentage red signal (dead/damaged cells) and green signal (viable cells) was determined by first multiplying the total number of pixels at a given intensity by the intensity value (0-255) then summing the total value for both the LIVE and DEAD signals from each image stack taken. This allowed the percentage viability (green signal) to be determined. All renderings and quantification analyses were performed on a dedicated computer equipped with an Intel i5 processor (Intel, Santa Clara, CA) supported with a Radeon 5850 1 Gb graphics card (AMD, Sunnyvale, CA). Captured renderings were assembled in CorelDRAW v. X4 (Corel, Mountain View, CA).
Culture-independent analysis
Biofilms were grown according to the protocol described above, washed in PBS and harvested. Biofilm cells were harvested by pulsing sterile distilled H 2 O through the channels at 8.0 dyn/cm 2 (flow rate 745 mL/h, corresponding to a shear of 800 s 21 ) in both the forward and the reverse direction, in order to create shear stress to remove biofilm cells. This washing procedure was repeated until a visually large portion of the bound biofilm cells had been removed. Harvested cells were collected and stored at 2808C.
In order to conduct culture-independent analyses, bTEFAP, using the primers 939F (TTGACGGGGGCCCGCAC) and 1492R (TACCTTGTTACGACTT), was performed according to the method of Vornhagen and co-workers. 49 Briefly, DNA was extracted and prepared using a Qiagen (Valencia, CA) DNA preparation system according to the manufacturer's instructions. Single-step PCR was conducted to generate barcoded amplicons with linkers and the size and concentration of DNA fragments were determined by using DNA chips within an Experion Automated Electrophoresis Station (Bio-Rad Laboratories, Hercules, CA) and a TBS-380 Fluorometer (Promega Corporation, Madison, WI). A sample of 9.6×10 6 doublestranded DNA molecules/mL with an average size of 625 bp was mixed with 9.6 million DNA capture beads and subsequently amplified by emulsion PCR. Subsequently, bead-attached DNA samples were denatured with NaOH and sequencing primers were annealed. A two-region 454 sequencing run was performed on a 70×75 GS PicoTiterPlate using a Genome Sequencer FLX System (Roche, Nutley, NJ). All failed sequence reads, low-quality sequence ends (average phred quality score for sequence ends was required to be .Q25), short reads ,150 bp (final mean length 412 bp) and tags and primers were removed. Sequence collections were then depleted of any non-bacterial sequences, sequences with ambiguous base calls, sequences with homopolymers .5 bp in length and chimeras. 50 -52 To determine the predicted identity of bacteria, remaining sequences were de-noised and de-replicated and OTU clustering was performed (uClust, http://www.drive5.com) and then queried using BLASTn against a highly curated custom database of 16S bacterial sequences curated from the National Center for Biotechnology Information (http ://www.ncbi.nlm.nih.gov/). BLASTn outputs were compiled and data reduction analysis was performed as described previously. 53 -55 Bacteria were classified at the closest well-characterized genus.
Statistical analyses
The significance of differences between untreated and treated biofilms was examined using two-tailed Student's t-test modified for unequal variance. Values of P,0.05 were considered significant and values of P,0.01 were considered highly significant.
Results
Microscopic characterization of microfluidic dental plaque biofilm
Microscopic examination was performed using an epifluorescence microscope following the staining of the biofilm cells with Syto9 stain (a component of the Live/Dead stain). This enabled clear visualization and differentiation of a variety of cell types and cellular arrangements on outer layers of the biofilm and within small cell clusters/microcolonies on the glass surface of the microfluidic channel. Cell types included cocci that were typically arranged in chains (Figure 2a ) and rod-shaped cells that were often autoaggregated (self-aggregated), and the rods were occasionally observed to have formed rosette-like structures. Both were coaggregated with other cell types (Figure 2b-d) . Rod-shaped cells were seldom observed on their own. Fusiform cell types, suspected to be Fusobacterium nucleatum or a closely related species, were also observed both as single cells and in multi-cell-type corn-cob-like coaggregates (Figure 2c and d) . Single cells were also detected. In addition, occasional yeast-like cells were observed, although these were often surrounded or encased in bacterial cells and difficult to image. No flagellated/motile cells or spirochaetes were observed to be present, although these may have been exclusively located in the dense biofilm masses and therefore difficult to visualize.
Culture-independent characterization of microfluidic dental plaque biofilm After data curation, an average of 2848 sequences were analysed for each sample. Rarefaction analysis was conducted using QIIME. 56 Rarefaction analysis was performed on the three biofilm channels from which the biofilm cells were harvested to determine A microfluidic oral biofilm system 2553 JAC how much of the microbiome was evaluated. It should be noted that visual inspection of the channels after biofilm harvesting did reveal that sparsely attached cells/microcolonies remained, but repeated attempts to harvest these cells were not successful. Biofilm community richness for each of the three channels was estimated using the Chao1 estimator 57 averaged over 10 iterations and normalized at 2790 sequences for each of the three channels. This predicted 230, 224 and 220 OTUs for each. Rarefaction analysis of the sequencing data identified 158, 145 and 141 OTUs ( Figure S1 , available as Supplementary data at JAC Online). Thus, the percentages of each population evaluated were predicted to be 68.7%, 64.7% and 64.1%, respectively.
The phyla identified by bTEFAP in the three channels were similar to those documented to be present within oral biofilms. Variation was observed in the relative amounts of each phylum within each channel, but the relative order of the dominant phyla was constant between each channel. The two dominant phyla were always Proteobacteria and Firmicutes (average percentage abundance of 59% and 37.7%, respectively) (Figure 3a) . Less dominant phyla included Bacteroidetes (2.4%), Actinobacteria (0.8%), Fusobacteria (0.06%) and TM7 (0.03%) and were always in that order of abundance in each channel.
In-depth analysis of the sequences of the identified phyla demonstrated that the biofilms contained genera common to the oral cavity and that the relative abundance of each was similar to that found in supragingival plaque. Across three experiments (channels) there was an average of 14 genera. Neisseria and streptococci were the most abundant (average percentage abundance 55.8% and 20.2% respectively), while other more metabolically fastidious oral species, such as Porphyromonas and Fusobacterium (average percentage abundance 2.4% and 0.06%, respectively), were also always present in the dental plaque biofilms (Figure 3b and Figure S2 , available as Supplementary data at JAC Online). Of note, none of the sequences belonging to the genus Porphyromonas could be speciated because identities were to database sequences for which species designations have not been assigned. As our database is up to date with the NCBI and RDP taxonomy database, these sequences are likely from novel species of Porphyromonas. Members of the candidate division TM7 were also detected, although at low levels (,0.05%). Further analysis of the dominant speciated members belonging to the genera Neisseria and Streptococcus were Neisseria subflava (28.2%), Neisseria mucosa (1.7%), Streptococcus infantis (4.1%) and Streptococcus oralis (3.0%) ( Table S1 , available as Supplementary data at JAC Online).
Relationship between CPC concentration and changes in cell damage/inactivation
Biofilms that developed within the channels of 48-well (24 channels) BioFlux microfluidic plates displayed increased cell damage/ death that was proportional, in a sigmoidal fashion, to increased CPC test solution concentration (Figure 4) . Inferred from pixel colour (red versus green) and intensity (0 -255 shades), the amount of dead or damaged cells within the untreated biofilms washed with PBS was 21%. Conversely, washing with 70% ethanol resulted in near maximal and highly significant cell damage/inactivation (P,0.01%, 84.4%) (Figure 4 ). Over the entire CPC test solution concentration range (0.5% -0.001% w/v), a concentration-dependent sigmoidal-like kill curve was observed, with standard deviations greatest over the linear range (0.05% -0.005%). There was a highly significant level of cell damage/ inactivation (P,0.01%) when the PBS control was compared with treatments with 0.5% -0.01% CPC (Figure 4) . Furthermore, there was no significant difference (P,0.05%) in total biofilm cell damage/inactivation between those treated with 70% ethanol and those treated, within this range, between 0.5% and 0.05% CPC.
Computational 3D reconstruction and rendering of image Z-stacks of the treated and untreated biofilms ( Figure 5 ) allowed inspection of the penetrance of CPC within the biofilms. As inferred by cell damage/death and consequent labelling with the red fluorescent probe of the Baclight LIVE/DEAD kit, penetration was also found to be proportional to CPC concentration. Almost complete penetration and cell damage/death was observed for the 0.5% CPC-treated biofilm, almost no penetration/killing was observed for the 0.001% CPC-treated biofilm, and killing/penetrance increasing from the 0.005% to 0.01% CPC-treated biofilms (Figure 4 ). Close inspection of the 0.01% and 0.005% 3D-rendered Z-stacks showed that cell death was often restricted to the perimeter of the biofilms. This suggests that reaction -diffusion limitation was a factor in cell damage/inactivation, as is removal of CPC from the bulk fluid to a concentration below the threshold required for cell damage. Nance et al.
Relationship between CPC concentration and changes in biofilm architecture
Inspection of 3D-rendered images indicated that the treatment of biofilms with different concentrations of CPC altered biofilm structure ( Figure 5 ). Specifically, biofilms treated with 0.5%, 0.1% and 0.05% CPC possessed a more densely packed, flatter-looking biofilm that lacked pronounced undulating masses. In order to assess and quantify any such changes, Comstat was used to determine the biomass, thickness distribution and roughness coefficient of the biofilms (Table 1) . Regardless of treatment concentration, no significant change in biomass was observed, even though clear differences in biofilm architecture were observed (Figure 5a versus Figure 5c -e). The average thickness of the biofilms, however, reflected the visual observations, and significant differences (P,0.05) were observed for biofilms treated with 0.5%, 0.1% and 0.05% CPC. In this range, biofilms were reduced in thickness by 34.5% -43.0%. In addition, it was in this concentration range that the vast majority of the cells were dead/damaged. Biofilm roughness was seemingly little changed by CPC treatments, with the exception of that following exposure to 0.01% CPC, which yielded a P value of 0.038. Collectively, the quantitative data support the qualitative 3D imaging data and show that the microfluidic dental plaque biofilms exposed to 0.5% -0.05% CPC undergo architectural change, but no significant loss of biofilm biomass was evident.
Discussion
The work presented here demonstrates the potential of using a high-throughput approach to reproducibly grow oral multi-species biofilms that contain species that are indigenous to dental plaque. In addition, the utility of such a device for evaluating antimicrobial/ The development of such representative in vitro model biofilms is important to accurately predict the in vivo efficacy of current or candidate antimicrobials that may be used in oral hygiene products. In order to characterize the species composition of the microfluidic dental plaque biofilms and validate use of the model system for future biofilm studies, microscopic examination of biofilms and bTEFAP were performed. Both microscopic and bTEFAP analyses demonstrated that there were numerous cell types/ species in microfluidic-grown biofilms that are common to dental plaque. These not only formed biofilms but were often juxtaposed to form the cellular arrangements commonly observed in dental plaque. For example, multi-generic aggregates (possibly coaggregates) containing streptococci, and different cell types that are commonly observed in dental plaque were often observed (Figure 2) . 15, 61 The ability of bacteria to aggregate via autoaggregative interactions (self-aggregation) and coaggregation (the specific recognition and adhesion of different species of bacteria to one another) is proposed to be integral to biofilm development. 62, 63 While the different cell types are an indication of the multi-species nature of the biofilms, a more descriptive study of the bacterial diversity (and reproducibility between channels) was desirable. Thus, we performed shallow (an average of 2848 reads) bTEFAP on three randomly chosen biofilms grown in three channels to identify the dominant phyla and constituent genera present in the biofilms. Even though a relatively shallow approach was taken, and we estimate that we captured 65.8% of the total diversity, the predominant populations were covered and the well represented types of species found in the biofilms were consistent with those found in human dental plaque biofilms. An unexpected outcome of bTEFAP was that Neisseria was shown to be a reproducibly dominant member of biofilms, as well as Streptococcus in second place. Neisseria constitutes a large genus (.25 species) belonging to the b-Proteobacteria, which are facultative anaerobes. 64 Evidence suggests that that Neisseria is present in young dental plaque biofilms 65, 66 and can be one of a number of dominant members in supragingival plaque 44 and on dental plaque implants. 67 It should be noted that the amount of Neisseria in the microfluidic system was at least 2-fold greater than often observed in normal dental plaque biofilm communities. However, work by Bik et al. 68 has shown that Neisseria can strongly dominate in healthy dental plaque harvested from healthy volunteers. Streptococci are often considered 'primary' or 'pioneer' colonizers 15 because of their ability to adhere to saliva-coated surfaces, 69 adhere to one another, 70 use salivary components such as mucins as a nutrient source 71, 72 and survive under a range of environmental conditions (pH, oxygen tension, etc). 73 -75 Considering our approach to removing biofilm from within the microfluidic system (which did leave some cell clusters still attached), it is possible that the amount of streptococci, as determined by bTEFAP, is an underestimate because they are pioneer colonizers and many would be at the base of the biofilms. It should also be noted that obligate anaerobic species were also present, including Porphyromonas and Veillonella spp. (Figure 3 and Table S1 , available as Supplementary data at JAC Online). These two genera are often detected in young dental plaque biofilms, although, as observed in the microfluidic system, at an abundance that is approximately an order of magnitude lower than streptococci. 76 Another interesting observation was the absence of detectable amounts of Actinomyces, which may be due to selection pressures, such as fluid shear, exerted by the microfluidic system. For example, it has been shown that Actinomyces are less capable of residing in biofilms under high shear, as opposed to streptococci, especially during early stages of A microfluidic oral biofilm system 2557 JAC biofilm development. 77 Our bTEFAP protocol is predicted to be able to detect Actinomyces spp. and, using Actinomyces-selective media, 78 we were able to culture bacteria that were Gram-positive and possessed Actinomyces-like filamentous rod-shaped morphologies from the saliva inoculum. Thus, taking these findings together, the developed biofilms grown in the microfluidic system represent a community that is similar to supragingival plaque biofilms, albeit with seemingly elevated numbers of Neisseria spp. and below detectable amounts of Actinomyces spp.-possibly a result of environmental conditions (oxygen tension, shear, etc.) in the microfluidic system and/or the approach of harvesting biofilm cells. An interesting follow-up study would be to grow biofilms for longer periods or to grow them under anaerobic conditions.
A required utility for the microfluidic biofilm system was that it would be amenable to testing antimicrobials. In order to test our system we used CPC, a cationic quaternary ammonium compound used as the key antimicrobial ingredient in many over-the-counter mouthwashes. As positive and negative controls we used 70% ethanol and PBS for all experimental runs. It should be noted that, in the absence of antimicrobial treatment, the average amount of damaged/inactivated cells was 21%, suggesting that the biofilm contains some dead and damaged cells prior to antimicrobial treatment. Such an observation has been reported previously for in vitro single-species biofilms 26 and in vivo multi-species biofilms. 79 Not only is CPC an antimicrobial (due to its ability to integrate into bacterial membranes) but it is also a bio-surfactant and may have de-adhesive effects on biofilm bacteria. 80 -82 With respect to cell damage/inactivation, a clear concentrationdependent response effect was observed (Figures 4 and 5) . CPC treatment caused significant cell inactivation/damage, as compared with the PBS-treated biofilms, between the concentrations of 0.5% and 0.01% (P,0.05, Figure 4 ). In addition, the efficacy of CPC was not significantly different (P,0.05) from that of 70% ethanol at a concentration range between 0.5% and 0.05. At the lower concentration ranges, discrete regions of cell damage/inactivation (as indicated by Live/Dead stain) of biofilms were observed, where outer cells were more damaged than their deeperpositioned counterparts (Figure 4 , 0.001% -0.01% CPC). While the degree of CPC-induced damage/inactivation to biofilm cells varies among studies in the literature, 25, 26, 60 at least one supports our observation that cells in the outer extremities of biofilms tend to have a greater propensity to be damaged by CPC than deeperlying cells. 26 This phenomenon likely relates to the cationic bacterial membrane-reactive nature of CPC 83 and the retardation of access of CPC to the biofilm depths. This retardation process is often described as reaction -diffusion limitation. 4, 84 The subject of de-adhesion in response to CPC (or other quaternary ammonium compounds), has also previously received attention, 45, 59, 80, 81 although no tests have been performed on saliva-grown multispecies biofilms. Here we qualitatively (3D-rendered CLSM images; Figure 1 ) and quantitatively (Comstat data, Table 1) show that CPC, at a concentration between 0.5 and 0.05%, significantly alters biofilm architecture, presumably due to de-adhesion events ( Figure 5 ; Table 1 ). This was displayed as a general compacting of the biofilm and loss of biofilm projections. There was no significant decrease in biomass, however, suggesting that either de-adhesion may only be transitory and damaged cells re-integrate into the biofilm or that CPC weakens biofilm architecture and causes biofilm collapse. This latter possibility is particularly intriguing as work by Hope and Wilson 85 has shown that a similar phenomenon occurs in biofilms exposed to chlorhexidine. Chlorhexidine is similar to CPC in its mechanism of action against bacterial membranes and it is also a cationic antimicrobial and thus likely interacts with biofilm EPS and may cause contraction or collapse of the biofilm structure. 83 In conclusion, the work presented here demonstrates the utility of a microfluidic system in the development of oral biofilms under environmentally germane conditions to yield communities with cell morphotypes, cellular arrangements and species abundances that are similar to those found in dental plaque. Furthermore, the extent of bacterial damage/inactivation in biofilms exposed to different concentrations of CPC was demonstrated to be qualitatively and quantitatively measurable. From a real-world perspective, the effective concentrations of CPC required to damage dental plaque biofilm bacteria are in line with those currently used in oral hygiene products (0.01% -0.1%). While the focus of this work has been on saliva and dental plaque biofilms, arguably the greatest implication of this work is in the translational potential for the combined BioFlux microfluidic/CLSM system to be used in other biofilm studies using nutrient and/or inoculum sources that are difficult to obtain, such as urine, wound exudate, tears and sweat.
